Abstract. In order to improve the utilization of PM in electric machine, this paper focus on the performance analysis of a coreless axial-flux PM machine with four types of Halbach PM arrangement. A 3-D FEM model is built and the flux distribution, electromotive force waveforms, output torque, core losses, and efficiency of the four types of Halbach PM arrangement machines have been investigated.
Introduction
Nowadays, the shortage of energy is one of the major problems, and coreless permanent-magnet machine has a bright future for its features met requirements of this problem, which is energy-efficient, lightweight material, good speed and reliability [1] . And then, because of its good features, such as high power-density, low copper loss and core loss, the axial-flux permanent-magnet machine has good prospects in the automotive industry [2] , wind power system [3, 4] , ultra-thin notebook applications [5] , underwater vehicle propulsion system [6] and other areas.
In addition, with the advent of rare-earth permanent magnet materials with high performance, especially the NdFeB, rare-earth permanent magnet machine is developing rapidly. And due to its unique characteristics of performance, such as lightweight, energy saving and efficient, rare-earth permanent magnet machine has great significance in practical applications. What's more, Nd-Fe-B is the permanent magnet material with highest magnetic performance currently [6] . However, improving the utilization of permanent magnets to reduce the cost of machine is important owing to the high price of PM materials.
A special PM configuration is the use of Halbach arrays. Halbach array is a kind of nearly ideal magnet structure in engineering. It uses a special arrangement of magnet units to enhance the magnetic field in the unit direction and it is aimed to generate a stronger magnetic field with the same magnets. The magnetic field that PM generate in a machine is important as it is a kind of medium which can convert electric energy and mechanical energy each other [7] . So, Halbach array is a good choice to improve the utilization of PM by applying it on the traditional machine.
As mentioned above, this paper focus on confirming that applying Halbach array on electric machine can improve the utilization of PM and get a better choice among several kinds of Halbach array in practical application by comparing the performances of coreless axial-flux permanent-magnet machines with different PM arrangement.
Modeling and Design
In this paper, the models for comparing and analysis would be on the basis of a traditional model, and the difference among them is only the magnetization direction of the permanent magnet. So that the comparison of torques can represent the results of comparing the utilization of PM in the machine. In addition, the maximum efficiency the model can achieve is also an important parameter to judge the performance of electric machine.
As shown in Figure 1 , coreless permanent-magnet machine consists of a twin rotor with rare earth permanent magnets and the steel-free stator winding is located between two identical parts of the rotor. Table 1 shows the design data of a coreless axial-flux permanent-magnet machine. A 3-D FE analysis model was built and calculated as an initial model according to the given parameters in Table 1 and it could be simply modified to achieve a better performance. Firstly, parameters of the coil can be optimized considering the effects it has on the performance of machine. Considering the practical situation, make sure that the shape of the coil is uniform, calculates and compares the performance of models with different coils. Figure 2 shows the structure of the coil.
Based on the structure of the coil showed in Figure 2 , changing the value of W means changing the diameter of wires when R oo , R ii , the number of turns per phase and the axial length of the coil are kept. The W of the coil was changed on the basis of the initial parameter, and it was varied from 3 mm to 12 mm with an interval of 1 mm referring to the data of the axial length of coil and the number of turns per phase. Table 2 shows the comparison of the copper loss, current, torque and efficiency of the models with different W.
According to Table 2 , when the other parameters of the coil are the same, the W has influence on the performance of machine. Comparing the data in Table 2 , the performances of models can be better due to the larger torque and the higher efficiency when the values of W are 7mm and 8mm. And 7mm is selected. The parameters of the coil are modified as shown in Table 3 . On the basis of the model with new coil parameters, the range of α (the rotor position angle) is set to 0 ° to 45 ° as a cycle and the step is set to 1 °since the number of pole pairs is 8. The curves of the torque, copper loss, current and efficiency changing with α are shown in Figure 3 . According to Figure 3 , it can be seen that the model achieves the highest efficiency when α is 22 °. At the same time, the torque of the model is about 7 N · m, the copper loss is about 16.8W, the efficiency is about 81.74%, and it is the optimal model for the analysis below in this paper. Table 4 shows the comparison of the initial and the modified parameters of model.
After the simple modified of the initial model, the arrangement of the permanent magnets is to be changed for comparison and analysis. Since the same purpose of studying the Halbach Array and improving the utilization of permanent magnets is to produce the strongest magnetic field with the same magnet materials, 90° Halbach array, which is commonly known as a quasi-Halbach array, is chosen to apply on the model for comparing with the traditional PM arrangement in this paper. To facilitate the comparison, the traditional PM model was built based on the modified parameters above, while the pole arc ratio was increased to 1.0, and it is the basic model for the analysis below.
The model applied 90° Halbach array was built based on the basic model except that the magnetization direction of the permanent magnet is changed to 90° and the schematic of it is shown in Figure6. The comparison of the curves of torque and efficiency of the basic model and the model with 90° Halbach PM arrangement are shown in Figure 4 and Figure 5 . According to the Figure 4 , the model with 90°Habach PM arrangement can produce bigger torque than the tradition with the same amount of PM materials. But the Figure 5 shows that the highest efficiencies of the two models are similar, which means the effect of 90° Halbach array may be not good enough. So, the 45° Halbach array and 60° Halbach array are chosen considering the practical application and the magnetization direction of the permanent magnet is changed to 60°and 45°based on the basic model. The schematic of them are shown in Figure 6 . It can be seen from Figure 7 that the maximum efficiency of the model, which the permanent magnet magnetization direction is set to the mode of 45 ° Halbach array, is the biggest one of the three models. According to Figure 7 , the torque curve is obtained when three models with different Halbach PM arrangement reach the highest efficiency in combination with the previous calculation data and it is shown in Figure 8 . Figure 8 shows that the curve of output torque produced by the model with 45 ° Halbach array is the steadiest and the model with 45 ° Halbach array has a larger value of output torque when the four models reach the highest efficiency. Thus, the 45 ° Halbach array achieve the maximum efficiency and a larger and more stable torque when the other conditions are the same. Therefore, the model with 45 ° Halbach array can be a better arrangement of permanent magnet than 60 ° and 90°Halbach array. It can be seen from Table 5 that the induced voltage of the model applied45° Halbach array is much bigger than the same model with traditional PM arrangement and it can achieve a higher efficiency and a bigger torque, which means applying 45° Halbach array on the PM arrangement can improve the utilization of PM materials and the performance of machine.
Results and Analysis
To sum up, the model with Halbach PM arrangement can improve the utilization of PM arrangement and the 45° Halbach array is a better choice to apply on the PM arrangement for improving the utilization of PM materials and the performance of machine.
Conclusion
This paper is aimed to study the influence of different permanent magnets arrangement based on Halbach array on the performance of coreless axial-flux permanent-magnet machine. It can be confirmed that applying Halbach array can improve the utilization of PM materials firstly by comparing the torque and maximum efficiency of traditional model and the model with 90° Halbach array, which is commonly known as a quasi-Halbach array. And among the three modes of Halbach array in practical application, the 45°Halbach array is a better choice to improve the performance of machine because of the bigger and more stable torque and the ability to achieve maximum efficiency.
